The objectives of this study were to examine the interaction between added palm oil in high-forage diets and initial concentration of plasma cholesterol on performance, plasma lipids, and carcass characteristics of growing ram lambs. Lambs were weighed and feed intakes adjusted weekly. Lambs were bled via jugular venipuncture on d 28, 56, and 84 and lambs were slaughtered after they had been fed the diets for 90 d. Plasma concentrations of total cholesterol, high-density lipoprotein cholesterol, triglycerides, and nonesterified fatty acids were increased ( P = .01) by feeding PO. Lambs fed PO were fatter than lambs fed NPO, as indicated by greater subcutaneous fat thickness and kidney and pelvic fat. Initial plasma cholesterol concentration had little effect on any of the parameters measured. Lambs fed PO had fatter carcasses than lambs fed NPO at calculated equalized ME intakes, which indicates that energy deposition is more eficient in palm oil-supplemented diets.
Introduction
Lipid intake has been shown to increase plasma cholesterol concentrations in dairy cows (Grummer and Carroll, 1991) . Other factors such as breed (O'Kelly, 1975 (O'Kelly, , 1987 O'Kelly and Wallace, 1979; Wheeler et al., 1987) , sex (O'Kelly, 1975; O'Kelly and Wallace, 19791, age (Tumbleson and Hutcheson, 1971; h a v e et al., 1975; Edfors-Lilja et al., 19781, environment (O'Kelly, 1987) , days on feed (Wheeler et al., 1987) , and pregnancy and lactation at .20 Mcal of MEkg of BW.75 (91.1 g of DM/kg of BW.75). Lambs were housed in elevated pens (1.5 m x 1.2 m ) with expanded-metal flooring and were fed once daily at 1000 to 1200. Lambs were bled via jugular venipuncture three times between 0800 to 0900 over a preliminary 8-d period immediately before the start of the experiment. Plasma was harvested, stored (-2O"C), and later analyzed for total cholesterol (Sigma, 1989a) .
Thirty-two ram lambs (initial BW = 34.4 kg) were selected from the initial 41 based on plasma total cholesterol concentration and assigned to a 2 x 2 factorial design consisting of diet ( Lough et al. (19911, which was similar in ingredient composition to NPO. As in the preliminary period, lambs were housed in elevated pens (1.5 m x 1.2 m ) with expanded-metal flooring and were fed once daily a t 1000 to 1200. Any feed refused by the lambs was recorded; however, this occurred rarely because the lambs were limit-fed. At weekly intervals, lambs were weighed and feed intakes adjusted. Samples of completely mixed diets were taken weekly and a composite sample of each diet was analyzed for chemical composition (Northeast Dairy Herd Improvement Assoc., Forage Testing Lab., Ithaca, NY). The initial plasma lipid metabolite concentrations are presented in Table 2 . Initial BW of the lambs was equalized across treatments (Table 3) . On d 90, lambs were slaughtered according to humane slaughter practices (Consortium, 19 88 between 0800 and 0900. Plasma was harvested and stored ( -2O"C), and concentrations of total cholesterol, high-density lipoprotein
cholesterol, triglycerides, and nonesterified fatty acids (NEFA) were determined. Plasma from blood samples collected before the start of the experiment was also analyzed for HDL cholesterol, triglycerides, and NEFA. Total cholesterol in plasma was determined as described previously (Sigma, 1989a) . Plasma HDL cholesterol was determined by precipitating very-lowdensity and low-density lipoproteins and cholesterol was determined in the remaining HDL fraction (Sigma, 198913) . Plasma triglycerides were determined enzymatically (Sigma, 1990) . Plasma NEFA were determined by the use of a commercial kit (NEFA-C Kit, Wako Chemicals USA, Dallas, TX) as described by McCutcheon and Bauman (1986) .
Carcass and Yield Characteristics. Carcasses were chilled at 2°C and ribbed between the 12th and 13th ribs at 24 h postmortem. Quality and yield grade factors (USDA, 1992) in addition to longissimus muscle area, fat over the longissimus muscle, body wall fat, and kidney and pelvic fat were determined.
Fat color, fat texture, and fat firmness, which are subjective measurements, were determined on S.C. adipose tissue in the tailhead area.
Shear-Force Measurements. Sections of the rib (left side beginning at the 12th rib and approximately 15 cm in length) were removed and cut into four 3.2-cm chops, vacuum-packaged, frozen ( -20°C ) at 5 d postmortem, and stored ( -20°C ) for subsequent shear-force evaluations. Each chop was thawed and cooked (broiled) to an internal temperature of 75°C using Farberware Open-Hearth broilers (Model 350A, Farberware, Bronx, NY ). The internal temperature was monitored using iron-constantan thermocouples attached to a recording potentiometer. Chops used for shear-force determinations were allowed to cool to room temperature (2 5 "C ) before coring. Four cores (1.27 cm in diameter) were removed from each chop parallel to the muscle fiber orientation for shear-force determinations using a Warner-Bratzler shear device mounted on an Instron Universal Testing Machine (Model 1122, Instron, Canton, MA).
Data Analysis. Data were analyzed by the GLM procedures of SAS (1985) to determine the significance of variation among main effects. For initial plasma lipid metabolites, performance, and carcass characteristic data, the statistical model included diet, plasma cholesterol concentration, and the diet x plasma cholesterol concentration interaction. For the plasma lipid metabolite data ( d 28, 56, and 841, the statistical model included diet, plasma cholesterol concentration, diet x plasma cholesterol concentration, lamb (diet x plasma cholesterol concentration), time, diet x time, plasma cholesterol concentration x time, and diet x plasma cholesterol concentration x time. Lamb (diet x plasma cholesterol concentration) was used as the error term for diet, plasma cholesterol concentration, and the diet x plasma cholesterol concentration interaction.
Results and Discussion
Initial plasma concentrations of lipid metabolites of growing ram lambs are presented in Table 2 . The selection of growing ram lambs for HC ( Z = 50 mg/dL) or LC ( Z = 38 mg/dL) was also associated with the selection of ram lambs with high or low plasma concentrations of HDL cholesterol, triglycerides, and NEFA. Therefore, it is possible that the numerous factors that regulate lipid metabolism may be responsible for any changes, rather than the metabolites themselves. However, only a few of the parameters measured in this experiment were significantly affected by the initial plasma cholesterol concentration.
The effects of high-forage diets with and without added palm oil fed at equalized ME intakes on performance of growing ram lambs with initial HC or LC are presented in Table 3 . Dry matter intake was greater ( P = . O l ) for NPO than for PO, and this resulted in equalized ME intakes among treatments. The average ME intake was 3.2 Mcal/d. Average daily gain was not significantly affected by either diet or initial plasma cholesterol concentration. Lambs with initial HC tended ( P = .08) to have greater BW gain than lambs with initial LC. Edfors-Lilja et al. (1978) found a high genetic correlation ( .8 0 ) between plasma cholesterol and growth rate in calves; however, the phenotypic correlation ( .2 3) was rather low. Previously, we reported that lambs fed PO gained BW faster than lambs fed NPO at the same ME intake (.20 Mcal of MEkg of BW.75; Lough et al., 1993) . In this study, we attributed the increase in ADG by lambs fed PO to a greater intake of NE,.
The calculated intake of NE, from the NPO and PO diets in the present experiment was .55 and .77 Mcal/d (data not in tabular form). This intake of NE, should be sufficient to support BW gains of 150 g/d and of a little over 200 g/d for large, mature lambs weighing 40 kg on the NPO and PO diets, respectively (NRC, 1985) . However, lambs fed PO had lower crude protein intakes than lambs fed NPO (189 vs 245 g/d; data not in tabular form). Therefore, lambs fed PO apparently utilized the extra NE, for carcass lipid deposition. Ram lambs fed PO had fatter carcasses, despite the fact that ADG was not increased. Efficiency (ADG/ME intake) was not affected by either diet or initial plasma concentration of cholesterol.
The effects of high-forage diets with and without added palm oil fed at equalized ME intakes on plasma lipid metabolites of growing ram lambs with initial HC or LC are presented in Table 4 . Feeding PO increased ( P = .O 1) total cholesterol, HDL cholesterol, triglycerides, and NEFA concentrations by 260, 288, 217, and 254%, respectively, compared with feeding NPO. In our previous studies, we noted similar increases in serum (Solomon et al., 1992) and plasma (Lough et al., 1993) lipid metabolites in lambs fed diets containing added palm oil at ad libitum and equalized ME intakes, respectively. Grummer and Carroll ( 19 9 1 ) reviewed the literature on feeding supplemental fat to dairy cows and found that plasma NEFA and plasma cholesterol concentrations are almost always increased by feeding fat.
Lambs with HC had greater ( P = ,031 plasma concentrations of total cholesterol and NEFA than lambs with LC (Table 4 ) . Because lambs were selected at the beginning of the experiment with HC or LC, they were expected to have HC or LC after being fed diets containing either PO or NPO. Before the experiment, lambs with HC also had greater ( P = .02) plasma concentrations of NEFA than did lambs with LC. Lambs with HC tended ( P = .lo) to have higher plasma concentrations of HDL cholesterol than did lambs with LC. Initial plasma concentration of total cholesterol had no effect on final plasma concentrations of triglycerides, and no significant diet x plasma cholesterol concentration interactions were observed for any of the plasma lipid metabolites.
Storage of frozen plasma may have affected concentrations of plasma lipid metabolites, especially HDL cholesterol. Bachorik et al. (1980) reported that plasma frozen ( -20°C and stored up to 14 d had HDL cholesterol values 2 mg/dL higher than values of HDL cholesterol in fresh samples. In the present study, plasma was stored 2 to 6 mo before analyses were conducted.
Significant ( P = .01) diet x time interactions were observed for total cholesterol, HDL cholesterol, and triglycerides ( Figure 1) . Similar results were noted in our previous experiments (Solomon et al., 1992; Lough et al., 1993) . In the present study, a slight increase in the concentrations of plasm lipid metabolites other than triglycerides occurred over time by feeding the NPO diet, and a more dramatic increase in plasma lipid metabolites occurred over time by feeding the PO diet. Serum cholesterol concentration increases with advancing age in dairy cattle (Tumbleson and Hutcheson, 1971 ; h a v e et al., 1975); therefore, feeding added dietary fat to ruminants seems to amplify this effect over time.
Significant ( P = .03) plasma cholesterol concentration x time interactions were detected for concentrations of both total cholesterol and NEFA (Figure 2 ). Total cholesterol concentrations over time increased in lambs with initial LC and total cholesterol concentrations over time increased even more in lambs with initial HC. The significant ( P = .03) plasma cholesterol concentration x time interaction for NEFA may be associated with the significant ( P = .01) plasma cholesterol concentration effect on NEFA. For high cholesterol.
----aNPO-LC = no palm oil-low cholesterol, NPO-HC = no palm oil-high cholesterol, PO-LC = palm oil-low cholesterol, and PO-HC = palm oilbHDL = high-density lipoprotein. both HC and LC, the plasma concentration of NEFA was highest on d 56.
The effects of high-forage diets with and without added palm oil fed a t equalized ME intakes on carcass characteristics and shear-force values of lamb chops from growing ram lambs with initial HC or LC are presented in Table 5 . Slaughter weights and hot carcass weights averaged 46.9 and 22.5 kg, respectively. Slaughter weights tended ( P = .09) to be greater for lambs with HC than for lambs with LC, and this may be due to the greater ( P = .08) ADG by lambs with HC. Hot carcass weights were not affected either by diet or by initial plasma cholesterol concentration. Dressing percentage was greater ( P = .02) for lambs fed PO than for lambs fed NPO, which may be the result of lambs fed PO having greater S.C. fat ( P = .04), body wall fat ( P = .Ol), and kidney and pelvic fat ( P = .01). Previously, we reported that lambs fed PO were fatter than lambs fed NPO at ad libitum (Solomon et al., 1992) and equalized ME intakes (.20 Mcal of MEkg of BW.75; Lough et al., 1993) . Lambs in the present experiment were comparable in fatness to the lambs in the Lough et al. (1993) study and were not as fat as the lambs in the Solomon et al. (1992) study.
In the present experiment, lambs fed PO consumed more NE, (.77 vs .55 Mcal/d) and had elevated plasma concentrations of lipid metabolites compared with lambs fed NPO. Also, in lambs fed PO, plasma concentrations of thyroxine and hepatic 5'-deiodinase activity were greater than those in lambs fed NPO (S .
Kahl, unpublished data). The enzyme 5'deiodinase catalyzes the conversion of thyroxine to 3,5,3'-triio- Time, days Figure 2 . Effects of high-forage diets with and without added palm oil fed at equalized metabolizable energy intakes on initial plasma cholesterol concentration x time interactions of total cholesterol (P = .03) and nonesterified fatty acids (P = .03) collected on d 28, 56, and 84 from growing ram lambs with initially high (HC) or low (LC) plasma cholesterol concentrations. dothyronine ( Ta), which is the metabolically active thyroid hormone. Increased intracellular T3 generation by 5'deiodinase may indicate an increase in lipogenesis. At physiological concentrations, T3 is involved with lipogenesis in the liver and in cultured epididymal adipocytes of the rat (Blennemann et al., 1992) . Therefore, it would be expected that lambs fed PO would have greater amounts of fat deposited in the carcass. Also, the ME content of the PO diet may have been underestimated (Lough et al., 1993) .
Initial plasma cholesterol concentration had no effect on dressing percentage, S.C. fat thickness, body wall fat thickness, or kidney and pelvic fat. Positive correlations between plasma cholesterol concentration and fat content were noted for growing calves (EdforsLilja et al., 1978) and swine (Heidenreich et al., 1964) . Wheeler et al. (1987) noted significant positive correlations between serum cholesterol and carcass fat percentage ( .7 1) in growing cattle. Subcutaneous fat of lambs fed PO was firmer ( P = .04), whiter ( P = .03), and drier ( P = .05) than subcutaneous fat from lambs fed NPO, which is indicative of greater deposition of saturated fatty acids. However, a significant ( P = ,051 diet x plasma cholesterol concentration interaction was noted for fat texture, as well as an initial plasma cholesterol concentration ( P = . 0 5 ) effect. All the effects ( P = .05) noted for fat texture may have minimal biological significance. Busboom et al. ( 198 1) reported that lamb fat became firmer as the concentrations of capric, myristic, palmitic, and, especially, stearic acids increased. Solomon et al. (1992) noted that fat from the carcasses of lambs fed PO was firmer, whiter, and drier than fat from carcasses of lambs fed NPO. Subcutaneous adipose tissue of lambs Fat aNPO-LC = no palm oil-low cholesterol, NPO-HC = no palm oil-high cholesterol, PO-LC = palm oil-low cholesterol, and PO-HC palm oilbFOE = subcutaneous fat thickness over the longissimus muscle a t 12-13th rib interface. CBWF = subcutaneous fat thickness o f body wall at 12-13th rib interface. d l = very soft; 5 = very firm. el = yellow-brown; 5 = white. fl = oily; 5 = dry. gLMA = longissimus muscle area at 12-13th rib interface.
hTnstron shear force (peak load), kg/1.27-crn core.
high cholesterol.
fed PO had a greater percentage of palmitic acid than S.C. adipose tissue of lambs fed NPO (Solomon et al., 1992) . Lambs in the present experiment had carcasses with fat that was very firm, white, and dry.
Feeding PO tended ( P = .lo) to decrease longissimus muscle area of carcasses of lambs compared with feeding NPO. This may be due to the lower protein intake by the lambs fed PO than by the lambs fed NPO (189 vs 245 g/d). Solomon et al. (1992) and Lough et al. (1993) reported no effect of a diet containing PO on longissimus muscle area of carcasses from growing ram and ewe lambs. Initial plasma cholesterol concentration had no effect on longissimus muscle area of carcasses from lambs. A negative correlation between plasma cholesterol concentration and lean content were noted for growing calves (Edfors-Lilja et al., 1978) and swine (Heidenreich et al., 1964) . Shear force, which is an index of tenderness, was not affected by diet, which is in agreement with our previous work (Lough et al., 1993) . However, dietary fat probably has little or no effect on meat tenderness. Lamb chops from ram lambs with initial HC tended ( P = .08) to be less tender than lamb chops from ram lambs with initial LC (6.08 vs 5.08 kg/1.27-cm core). Information on the initial plasma cholesterol concentration on shear-force measurements is extremely limited and may have little biological relevance.
Implications
The objectives of this study were to examine the interaction between added palm oil in high-forage diets and initial concentration of plasma cholesterol on performance, plasma lipids, and carcass characteristics of growing ram lambs. Palm oil was used because in our previous experiments in which added palm oil was fed to growing lambs, a sharp increase in plasma lipids was observed. As in previous experiments, feeding added palm oil in high-forage diets increased plasma lipids and resulted in fatter carcasses. Initial plasma total cholesterol was not a good indicator of fat deposition in growing ram lambs.
